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The VIScous Vorticity Equation (VISVE) method has already been
applied to solve the laminar flow around a cylinder and a hydrofoil at low
Reynolds numbers. This method is more computationally efficient and spa-
tially compact than a viscous flow method based on primitive variables. How-
ever, the VISVE method fails at high Reynolds numbers due to the effects
of turbulence. In this thesis, a synchronous coupling method was developed
to couple the VISVE and a turbulence model in OpenFOAM, enabling the
VISVE method to solve the turbulent flow at high Reynolds numbers in a 2-D
hydrofoil case and a 2-D cylinder case. The velocity, vorticity, and pressure
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Nomenclature
This list describes several symbols that will be used within the body of
the thesis
AdE TDMA coefficient of the east side of the cell
AdP TDMA coefficient of the center cell
AdW TDMA coefficient of the west side of the cell
Cd Drag coefficient, Cd =
Fdrag
ρU2∞R
Cl Lift coefficient, Cl =
Flift
ρU2∞R
D Diameter of cylinder
i Indices in direction 1
j Indices in direction 2
Q TDMA coefficient on the right hand side of the TDMA equation
R Radius of cylinder
Re Reynolds number
T Symmetric tensor of viscous stresses
U∞ Unidirectional inflow velocity
x(i,j) X coordinate of cell centroid point (i, j)
xv
y(i,j) Y coordinate of cell centroid point (i, j)
µm Molecular viscosity, µm = ρ·νm
µτ Turbulent viscosity, µτ = ρ·ντ
νm Molecular kinematic viscosity
ν(i,j) Turbulent viscosity of cell centroid point (i, j)
ντ Turbulent kinematic viscosity





Designing and accurately predicting the performance of propellers have
been a challenge for naval engineers. The challenge involves not only the
fulfillment of usual performance characteristics but also the optimization of
performance in correspondence to very different operating conditions. Since
the Boundary Element Method (BEM) cannot capture the leading-edge vortex,
this method cannot predict the propellers’ performance at very high loadings.
Due to this reason, the VIScous Vorticity Equation (VISVE) model1
was developed to improve the prediction of off-design performance. The VISVE
method was first implemented by Tian and Kinnas [9]. The VISVE model is
able to calculating the complex flow separation, because this method solves
the vorticity transport equation in the whole fluid field. The leading edge
vortex predicted by VISVE and the RANS method is compared and shown in
Figure 1.1.
1The main work of this thesis is based on Yao and Kinnas [17]. Even though the formu-
lation of the turbulent vorticity equation was derived by Dr. Kinnas, the coupling of the
VISVE method with OpenFOAM was implemented and tested by the author of this thesis.
1
Figure 1.1: Leading edge vortex predicted by the VISVE and the RANS
method from Tian [10].
The VISVE method was then applied in the case of 3-D hydrofoils in
forwarding conditions as well as cylinders in unidirectional and alternating
laminar flow by Wu [14], Li and Kinnas [7], and Wu et al. [13, 12]. Reliable
results were obtained in all these applied cases. In short, the VIScous Vorticity
Equation (VISVE) method could be applied to solve laminar flow around 2-D
and 3-D hydrofoils as well as cylinders at low Reynolds numbers.
1.2 Motivation
The VISVE model has been well validated in laminar cases of 2-D hy-
drofoils and cylinders. However, problems arise as the VISVE method fails
at high Reynolds numbers due to the effects of turbulence since the VISVE
2
method lacks the turbulent model to evaluate the turbulent viscosity. There-
fore, an improvement in VISVE is needed.
In this paper, a synchronous coupling method was developed to couple
the VISVE method with a turbulence model in OpenFOAM, an open source
computational fluid dynamics (CFD) software. This synchronous coupling
method was applied in 2-D hydrofoils and 2-D cylinders cases to predict tur-
bulent flows at high Reynolds numbers. On one hand, VISVE has been found
to be more computationally efficient and spatially compact than the RANS
method, since it has a higher level of parallelization and a much smaller do-
main size. On the other hand, OpenFOAM is a good open source framework
for users to build their own solvers by utilizing C++ libraries that have been
already compiled within it. Hence, the coupling method is expected to be
applied to solve turbulent flow with high computational efficiency.
1.3 Objectives
The objectives of this research are
• Conducting literature review of vortex methods as well as turbulence
models.
• Describing two-dimensional VIScous Vorticity Equation (VISVE) method
and recovering its results in the application to a 2-D hydrofoil case.
• Developing a synchronous coupling method to couple VISVE method
with a turbulence model in OpenFOAM.
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• Using the coupling method to enable the VISVE method to solve tur-
bulent flows around 2-D hydrofoils and 2-D cylinders at high Reynolds
numbers.
• Making conclusions and describing the future work.
1.4 Overview
This thesis consists of six chapters.
Chapter 1 contains background, motivation and objectives of this re-
search.
Chapter 2 provides a brief literature review regarding vorticity meth-
ods, the developing history of VISVE and several turbulence models.
Chapter 3 presents the detailed mathematical formulations and numer-
ical implementation of the coupling method. It also demonstrates the syn-
chronous coupling scheme and the data transfer between the VISVE method
and the turbulence model in OpenFOAM.
Chapter 4 consists of the applications to unidirectional inflow cases for
2-D hydrofoils and 2-D cylinders to predict turbulent flows at high Reynolds
numbers. The predicted vorticity and velocity profiles, as well as the pressure
coefficients are compared to those obtained from the RANS method.
The discussion of the results and the conclusions are included in Chap-




This chapter1 reviews the related literature on two topics: vortex-based
methods and turbulence models.
2.1 Vortex Method
2.1.1 History of Vortex Method
Vortex methods have been studied for a long time and applied to pro-
peller flows extensively.
For airfoils, 2-D separated flow around them can be predicted by a
discrete vortex method. Katz [4] used a discrete vortex method to analyze
the separated unsteady inviscid flow around an airfoil. A 2-D airfoil under a
high angle of attack was simulated using the vortex lattice approach and the
periodic shedding vortex and forces were predicted in his work.
For propellers, Boundary Element Method (BEM) has been applied to
analyze the unsteady flow around them. BEM was first introduced to solve
2-D flow around hydrofoils by Giesing [3] and then it was applied to propellers
1The main work of this thesis is based on Yao and Kinnas [17]. Even though the formu-
lation of the turbulent vorticity equation was derived by Dr. Kinnas, the coupling of the
VISVE method with OpenFOAM was implemented and tested by the author of this thesis.
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by Kinnas and Hsin [6] who introduced an iterative pressure Kutta condition
at the trailing edge of the blade.
The methods above all omit the effects of viscosity, which can be signifi-
cant, especially at high-loading off-design conditions. Fortunately, the VIScous
Vorticity Equation (VISVE) method makes up for the above shortcomings.
The VISVE method can capture the leading edge vortex which cannot
be done by the two methods above. Tian and Kinnas [10] implemented the
VISVE method firstly. This method has the advantages of needing a signif-
icantly smaller computational domain, higher computational efficiency, and
automatically generated grids. Besides, the vorticity equation enjoys the ab-
sence of the pressure terms, which makes pressure evaluation not coupled with
the vorticity transport equation. Due to these advantages, the method has
been applied in the case of 2-D and 3-D hydrofoils, and 2-D cylinders in uni-
directional and alternating flows by Wu [14], Li and Kinnas [7], and Wu et
al. [13, 12]. In addition, Xing et al. [16] implemented a cavity mixture model
in VISVE. As mentioned by Wu [13, 12], VISVE’s efficiency can be improved
significantly after parallelization. In contrast, the VISVE method needs fewer
CPUs and spends much less computing time than the RANS method. Reliable
results were obtained in all the applied cases.
2.1.2 Advantages of Vortex Method
The vortex method has three predominant advantages since it needs
much smaller computational domains compared with the RANS method. This
6
is because that the vortex method describes the flow in terms of vorticity
rather than velocity and pressure. Compared with velocity U , vorticity ω is
a dimensionally compact variable, which means the volume of fluid with a
significant amount of vorticity is typically of a relatively small fraction near
the wall.
This feature of the VISVE method that requires a smaller computa-
tional domain contributes to its three advantages.
First of all, the VISVE method is more computational efficient than
the RANS method.
Secondly, it can simplify the grid generating process. Actually, the
computational grids can be generated automatically and the boundary condi-
tions at far field can be automatically satisfied by using Green’s function in
VISVE.
Thirdly, the vorticity equation enjoys the absence of the pressure terms,
which makes pressure evaluation decoupled with the vorticity transport equa-
tion. To be more specific, a simplified vorticity equation for incompressible,
single-phase flow can be obtained by taking curl of the Navier-Stokes equation.





∇ω = ω ·
−→
∇−→q + ν∇2ω (2.1)
where ω is the vorticity, −→q is the velocity, ν is the kinematic viscosity, t is
the time. Thus, pressure evaluation is not needed when solving this vorticity
7
equation.
2.1.3 Disadvantages of Vortex Method
Despite all the advantages listed in the previous section, there are still
some remaining challenges in using the vortex method. The biggest challenge is
that the vorticity boundary condition on the foil or cylinder surface is implicit.
This means that the researchers need to create vorticity at the boundary on
the body surface to impose a torque onto the computational cells near the
boundary.
In contrast, the interior boundary condition is straightforward in velocity-
based method including the RANS method. In the RANS method, the re-
searcher can either establish a Dirichlet boundary condition on velocity or a
Neumann boundary condition on pressure, because both velocity and pressure
are explicitly involved in Navier-Stokes equation.
Although many researchers endeavored to put forward methods to fix
this difficulty, there is still no widely accepted mathematical convergence proof
for these methods as described in Xing et al. [16].
2.2 Turbulence Model
However, the VISVE method would fail at high Reynolds numbers, as
it needs to include the effects of turbulent-viscosity. As mentioned in Pope
[8], turbulent-viscosity models are based on the turbulent-viscosity hypothesis
which includes the intrinsic assumption and the gradient-diffusion hypothesis.
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Turbulent models include algebraic models, one-equation models, and two-
equation models.
2.2.1 k-ε Model
The k-epsilon (k-ε) turbulence model [8] is the most common two-
equation model to simulate mean flow characteristics for turbulent flow condi-
tions. The first transported variable is the turbulence kinetic energy (k) and
the second transported variable is the rate of dissipation of turbulence energy
(ε).
The k-ε model performs well specifically for planar shear layers and
recirculating flows. However, it performs poorly in a variety of important
cases such as unconfined flows, curved boundary layers, rotating flows and
flows in non-circular ducts as mentioned in [8].
2.2.2 k-ω Model
The k-omega (k-ω) model is another two-equation model. The two
essential variables used in this model are k and ω. k is the turbulence kinetic
energy and ω is the specific rate of dissipation.
This model is superior both in its treatment of the viscous near-wall
region and in its accounting for the effects of stream-wise pressure gradients.
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2.2.3 k-ω (SST) Model
“SST” stands for Shear Stress Transport. The k-ω Shear Stress Trans-
port (SST) model can solve the problem which k-ω model has in treating
non-turbulent free-stream boundaries. Thus, I choose this model to be the
turbulence model in OpenFOAM in this research.
Next chapter describes the methodology used in the VISVE method as




This chapter1 consists of two parts, including the VIScous Vorticity
Equation (VISVE) method and the synchronously coupling method.
3.1 The VISVE Method
Since the VIScous Vorticity Equation (VISVE) method is the basis of
this thesis, this part revisited the VISVE method as described in Tian and
Kinnas [10, 9].
3.1.1 Laminar Vorticity Equation
The laminar vorticity equation can be derived from the governing equa-











1The main work of this thesis is based on Yao and Kinnas [17]. Even though the formu-
lation of the turbulent vorticity equation was derived by Dr. Kinnas, the coupling of the
VISVE method with OpenFOAM was implemented and tested by the author of this thesis.
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In equation (3.1), −→q denotes the velocity vector, p and ρ represent
the pressure and density, respectively, and ν is the kinematic viscosity. By






∇)−→ω = (−→ω ·
−→
∇)−→q + ν∇2−→ω (3.2)
In equation (3.2), −→ω denotes the vorticity vector, defined as the curl of
the velocity vector −→q . In 2-D problems, the vortex stretching term vanishes.
The vorticity vector ends up with a non-zero value in only one direction,





∇ · (ω−→q ) = ν∇2ω (3.3)
In Tian’s [10] work, the vorticity-velocity solver in 2-D can be imple-
mented with the help of a stream function
−→




ψ = −→q (3.4)






ψ ) = −→ω (3.5)
Since the stream function
−→





ψ = 0 (3.6)
Equation (3.5) will become like this:
∇2
−→
ψ = −−→ω (3.7)
In 2-D, equation (3.7) becomes a scalar equation:
∇2ψ = −ω (3.8)
The main part of the VISVE method is to solve equation (3.3) and
equation (3.8) .
3.1.2 Boundary Conditions
The boundary condition setting is important for solving equation (3.3)
and the turbulent vorticity equation (3.17) in the next section.
3.1.2.1 Solid Boundary Conditions
As mentioned in Tian [10], the wall boundary condition is specified as
a constant on the body surface, which is
∂ψ
∂s
= −→q · −→n = 0 (3.9)
where −→n represents the normal direction on the wall.
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However, these solid boundary conditions cannot be satisfied directly
and a scheme described in Figure 3.1 is needed to enforce these boundary
conditions. This is because that the velocities calculated from vorticity field at
the beginning of each time step do not satisfy the no-slip boundary conditions
on the wall. Thus, a vorticity creation scheme based on the Boundary Element
Method (BEM) is designed to eliminate tangential and normal velocity denoted
as −→qn , −→qs on the wall. After assigning the newly created vorticity into cells
in the first layer, the non-slip boundary condition will then be satisfied. More
details are presented in Tian [10], Wu [12], and Li and Kinnas [7].
Figure 3.1: Schematic figure of the vorticity creation algorithm, from Tian [9].
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3.1.2.2 Outer Boundary Conditions















where −→n represents the normal direction of the outflow boundary. This means
the vorticity is zero and the velocity equals the inflow velocity at the domain
inflow free space boundary. In addition, a zero normal derivative condition is
applied at the outflow free space boundary.
3.1.3 General Solving Algorithm
As mentioned in Tian [10] , and as summarized in Figure 3.2, the




The first step of solving the VISVE is to calculate the corresponding
velocity field q of a given vorticity distribution. After obtaining q, the vor-
ticity at the current time level ωn will be marched to the next time level
15
Figure 3.2: Flowchart of the solving procedures of VISVE in Tian [9].
ωn+1
?
. Because of the similarity between the VISVE and advection-diffusion
equations, the former may be solved using the same techniques of solving the
latter. However, ωn+1
?
will not satisfy the boundary conditions on the wall.
A correction on top of ωn+1 is necessary to represent the vorticity creation on
the wall, in the meantime enforce the boundary conditions (both no-slip and
non-penetrating). The correcting procedure is shown in Figure 3.1.
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3.2 The Coupling Method
This part illustrated the coupling method, including the derivation of
the turbulent vorticity equation, the numerical approach to solve the turbulent
vorticity equation, and the general solving algorithm of the coupling scheme.
3.2.1 Turbulent Vorticity Equation
Based on the original VISVE model, the Vorticity Equation has been
modified to include additional turbulent terms as described in Kinnas [5].
The turbulent vorticity equation is derived from the Navier-Stokes equation
and is written down to the conservative form of turbulent vorticity equation.
Considering the flow of a fluid, where −→q = (u1, u2, u3) is the mean velocity in










∇ · T −
−→
∇φ (3.12)
where ρ is the density of the fluid, p is the mean pressure, φ is the potential
of a conservative body force per unit volume, and T is the symmetric tensor
of viscous stresses:
T =















∇ · −→q + ρk] (3.14)
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where µ = µm+µτ is the total dynamic viscosity, with µm being the molecular
viscosity and µτ being the turbulent viscosity of the fluid as described in
Kinnas [5]. Taking the curl of both sides of equation (3.12), and using some
vector identities, equation (3.12) will turn to a turbulent vorticity equation.
For 2-D flow of fluid with constant density, the turbulent vorticity equation as





∇ · (ω−→q ) = ∇2((νm + ντ )ω) + 2




















within the narrow region close to the hydrofoil and its wake, the last three




















Thus, the vorticity equation for turbulent flow around a 2-D hydrofoil





∇ · (ω−→q ) = ∇2((νm + ντ )ω) (3.17)
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3.2.2 Boundary Conditions
Equation (3.17) and equation (3.3) have the same wall boundary con-
ditions and free space boundary conditions for velocity U and vorticity ω. In
addition, the turbulent kinematic viscosity vτ is zero on the wall and on the
free space in equation (3.17), which is verified in the simulation result shown
in Figure 4.14.
3.2.2.1 Solid Boundary Conditions
The wall boundary conditions for equation (3.17) are
{ ∂ψ
∂s
= −→q · −→n = 0
ντ = 0
(3.18)
Same as described in the previous subsection and Figure 3.1 , a vorticity
creation scheme based on the Boundary Element Method (BEM) is designed to
eliminate tangential and normal velocity denoted as −→qn , −→qs on the wall. After
assigning the newly created vorticity into cells in the first layer, the non-slip
boundary condition will then be satisfied.
3.2.2.2 Outer Boundary Conditions




















where n represents the normal direction of the outflow boundary. Even with
this boundary condition, the computational domain should still be built to be
large enough to cover the vorticity field and make ντ to be zero at the outer
boundary in order to obtain a converged solution for the coupling method.
3.2.3 Numerical Approach












∂((νm + ντ )ω)
∂nj
A)j (3.21)
The three terms are the unsteady term, convective term, and diffusive
term. Equation (3.21) can be discretized into the numerical equation and the
diffusive term can be treated based on the ADI scheme and TDMA method.
































), and apply the














where ωn is the vorticity at time step n and ωn+1 is the vorticity at time step
n+1. Equation (3.23) can be solved by TDMA in x-direction and equation
(3.24) can be solved by TDMA in the y-direction. Then integrate equation
(3.23) and equation (3.24) over the cell volume and apply Gauss Theorem
to get the numerical equation based on FVM. Finally, equation (3.23) and

























The coordinates are described in Figure 3.3:






Eωi+1 = Q (3.26)
Compare equation (3.25) with equation (3.26):
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The TDMA method can be conducted as following to solve ω. The
TDMA coefficients for the diffusive term are shown in Table 3.1:
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∇ · (ω−→q ) = ∇2((νm + ντ )ω)
Diffusive Flux in the 1st Direction
ω(i+1,j)ν(i+1,j)−ω(i,j)ν(i,j)
x(i+1,j)−x(i,j)























(i = 2, 3, · · · , N)

















(i = N,N − 1, · · · , 2)
(3.28)
The parameters in Table 3.1 are defined as below:
• i: Indices in direction 1;
• j: Indices in direction 2;
• x(i,j) : x coordinate of Cell Centroid Point (i, j);
• y(i,j) : y coordinate of Cell Centroid Point (i, j);
• ν(i,j) : turbulent viscosity of Cell Centroid Point (i, j);
The boundary conditions for equation (3.17) are described in equations
(3.18) to equation (3.20).
3.2.4 Turbulence Model
The k-Omega Shear Stress Transport (SST) model was utilized in both
OpenFOAM and ANSYS Fluent because it can treat the viscous near-wall
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region and non-turbulent free-stream boundaries very well as described in the
previous section. The two essential variables used in this model are k and ω. k






where ε is the rate of dissipation of turbulence energy. As described in Pope
[8], the model equation for k-Omega SST model is
∂ω
∂t
+ < Ui >
∂ω
∂xi






where < Ui > is the mean velocity in i
th direction, P is the production of
turbulence kinetic energy (TKE), νT is the turbulent kinematic viscosity, Cω1
and Cω2 are the parameters where Cω1 = 0.44 and Cω2 = 0.92 .
3.2.5 General Solving Algorithm
The coupling work is done iteratively. Within each iteration step, the
turbulent viscosity ντ obtained from the turbulence model in OpenFOAM is
imported into VISVE to solve the turbulent vorticity equation and get the
velocity field U and V. The velocity information obtained from VISVE is then
passed back into OpenFOAM to calculate the turbulent viscosity ντ in the
next iteration step. The methodology is shown in Figure 3.4:
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Figure 3.4: Flowchart of the solving procedures of the coupling method.
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3.2.6 Pressure and Force Calculation
As mentioned in Li and Kinnas [7], unlike the RANS method, the
VISVE method solves for velocity and vorticity. Thus, pressure around the
body surface and forces can be obtained by post-processing.
3.2.6.1 Pressure Calculation for Hydrofoil Cases
In this thesis, the pressure on hydrofoil surface is obtained by doing
integration from point B on the outer boundary to point A on the surface of
the hydrofoil, as described in Li and Kinnas [7]














+−→q ×−→ω − νm
−→
∇ ×−→ω (3.32)
Only the molecular kinematic viscosity νm is included in equation (3.32).
After integration from point B on the outer boundary to point A on the surface
of the hydrofoil, the pressure on the hydrofoil surface PA can be obtained:









3.2.6.2 Pressure Calculation for Cylinder Cases
In this thesis, the pressure on cylinder surface is obtained by doing
integration along cylinder surface, which is described in Li and Kinnas [7]
The unsteady term ∂q
∂t
and the convection term (q · ∇)q vanish on the
wall because of the no-slip boundary condition. After introducing a local coor-
dinate system θ-r on the cylinder surface as shown in Figure 3.5, a relationship






Only the molecular viscosity µm is included in equation (3.34) where
P0 and ω0 represent pressure and vorticity on the cylinder, θ indicates the
tangential direction and r is the normal direction.
Assuming that the stagnation point stays at the leading edge of the
cylinder, the surface pressure along the wall boundary can be determined
through integration by using the Bernoulli Equation. The surface pressure is
















where u0 is the velocity parallel to the cylinder surface and ω0 is the vorticity.



















where R is the radius of the cylinder, U∞ is the inflow velocity, ρ is the density
of the fluid, and θ is the angle of a point on the cylinder as shown in Figure
3.5.
Figure 3.5: Local θ-r coordinate system on the cylinder surface.
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Chapter 4
Applications to Hydrofoil and Cylinder Cases
This chapter1 consists of two sections, including “laminar flow cases”
and “turbulent flow cases”.
4.1 Laminar Flow around a 2-D Hydrofoil Case
The goal of the first section is to recover the results calculated by Tian
[10] in laminar flow around a 2-D hydrofoil case.
The VISVE method and the RANS method are applied in the case of
2-D hydrofoil at a 0-degree AOA. The hydrofoil is 4% thick (NACA 66) with
1% camber (NACA 0.8). The total chord length is 1 m. The velocity of the
incoming flow is 2 m/s with an angle of attack to be 0 degree. The Reynolds
number in the viscous case is specified to be 2× 103 .
1The main work of this thesis is based on Yao and Kinnas [17]. Even though the formu-
lation of the turbulent vorticity equation was derived by Dr. Kinnas, the coupling of the




As shown in the convergence study in the next sub-section, the domain
parameters of Case #1 are good enough for the calculation to converge. Thus,
we set the domain parameters to be the same as the ones in Case #1. The
domain parameters and grids of VISVE method are shown in Table 4.1 and
Figure 4.1.
Table 4.1: Domain parameters of VISVE method for laminar hydrofoil case,
Re = 2× 103.
First Layer Height/ m Expansion Ratio Layer Number Cell Number
Block 1 1× 10−4 1.095 45 17,415
Block 2 1× 10−4 1.05 60 5,400
Figure 4.1: Grids of the VISVE method for laminar hydrofoil case, Re =
2× 103.
4.1.1.2 RANS
In contrast, the domain parameters and grids of the RANS method are
shown in Table 4.2 and Figure 4.2.
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Table 4.2: Domain parameters of RANS method for laminar hydrofoil case,
Re = 2× 103.
Cell Number Number of First layer Expansion Ratio Time Step
Layer of Cells Height/ m Size/ s
150,000 80 3.5× 10−4 1.05 0.001
Figure 4.2: Grids of the RANS method for laminar hydrofoil case, Re =
2× 103.
The comparison of domains reveals that the RANS method needs to
generate a structured mesh with good realization and needs a very large do-
main, which causes low computing efficiency.
This is due to two reasons. Firstly, the domain needs to be large enough
to eliminate the effects of the boundary on the flow field. Secondly, the grids
need to be fine enough to obtain a small first boundary layer height in laminar
cases and a small dimensionless wall distance (y+) in turbulent cases.
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In contrast, the VISVE method needs much fewer grids, making the
run to be dimensionally compact and computationally efficient.
4.1.2 Comparison between two Methods
The computing comparison is made between the VISVE method and
the RANS method in this laminar 2-D hydrofoil case. ANSYS Fluent (2019),
a commercial CFD software is utilized to perform the RANS method.
The computation is performed at stampede2, the flagship supercom-
puter at the Texas Advanced Computing Center (TACC), the University of
Texas at Austin. Currently, the VISVE method has been tested by using 1
CPU while the RANS method uses 48. The simulation time and CPU cost
comparison is shown in Table 4.3.
Table 4.3: Simulation time and CPU cost comparison for laminar hydrofoil
case, Re = 2× 103.
VISVE Fluent
Node Type Intel Xeon Platinum Intel Xeon Platinum
8160 (”Skylake”) 8160 (”Skylake”)
MPI: No. of CPUs 1 48
CPU Time 1 h 22 mins 1 h 45 mins
Time Step Size 5× 10−4s 5× 10−4s
Simulation Time 10 s 10 s
The velocity and vorticity comparison are shown from Figure 4.3 to
Figure 4.8 below:
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Figure 4.3: Vorticity contour at t =10 s, laminar flow, Re=2,000, hydrofoil
case.
Figure 4.4: X-Velocity contour comparison at t =10 s, laminar flow,
Re=2,000, hydrofoil case.
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Figure 4.5: Y-Velocity contour comparison at t =10 s, laminar flow,
Re=2,000, hydrofoil case.
Figure 4.6: Vorticity profile comparison at hydrofoil midpoint at t =10 s,
laminar flow, Re=2,000, hydrofoil case.
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Figure 4.7: X-Velocity comparison at hydrofoil midpoint at t =10 s, laminar
flow, Re=2,000, hydrofoil case.
Figure 4.8: Y-Velocity comparison at hydrofoil midpoint at t =10 s, laminar
flow, Re=2,000, hydrofoil case.
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The pressure coefficients comparison between the VISVE method and

























Figure 4.9: Pressure coefficients comparison at t =10 s, laminar flow,
Re=2,000, hydrofoil case.
The VISVE results agree well with the RANS results. Even though the
VISVE method utilizes only 1 CPU, it requires less CPU time than the RANS
method, which requires 48 CPUs to get to the same simulation time.
4.1.3 Convergence Study
In order to validate the grid independence of the VISVE method, dif-
ferent sizes and different number of elements on the direction normal to the
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hydrofoil surface have been applied to the 2-D VISVE model to predict the
flow around the hydrofoil in laminar case. Three cases are designed as shown
in Table 4.4. The tests are run at Re = 2,000, AOA = 0o. The vorticity,
x-velocity, and y-velocity at the half chord length from different cases agrees
very well with each other as shown from Figure 4.10 to Figure 4.12, which
validates the convergence of the VISVE model in the hydrofoil laminar case.
Table 4.4: Cases setting for grid independence study in laminar foil cases,
Re = 2× 103.
Case No. of Layers First Layer Expansion Ratio No. of Elements Expansion Ratio
No. of Cell Height/ m in Block 1 on the Wake in Block 2
1 45 1× 10−4 1.05 60 1.095
2 60 1× 10−4 1.05 70 1.095


















































The coupling method is applied in a 2-D hydrofoil case and a 2-D
cylinder case. Grid independence study is made and the results are compared
with the RANS method. All RANS results shown in the next sections have
been produced by using ANSYS-Fluent [1] and OpenFOAM.
4.2.1 Turbulent Flow around a Hydrofoil Case
The coupling method is applied in the case of 2D hydrofoil at a 0-
degree AOA. The hydrofoil is 4% thick (NACA 66) with 1% camber (NACA
0.8). The total chord length is 1 m. Three different cases at three different
Reynolds numbers were conducted within this section. The Reynolds numbers
of these 3 cases are 106, 2 × 106, and 4 × 106, separately. The comparison is
made between the coupling method and RANS method which is conducted by
ANSYS Fluent [1] and OpenFOAM in the turbulent 2-D hydrofoil case.
For these 3 cases, the vorticity profiles and the velocity profiles between
the coupling method and the RANS method are compared at location A, B,
C, and D. Location A, B, C and D are shown in Figure 4.13:
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Figure 4.13: Demonstration for location A, B, C, and D.
For coupling case, the turbulent kinematic viscosity is narrowed in the
small area that is close to the hydrofoil, which means the domain size does not
influence the computational accuracy of turbulent viscosity result calculated
by RANS method. To prove this, two RANS simulations with the large regular
RANS domain and the small VISVE domain were conducted and the turbulent
viscosities were compared in Figure 4.14 and Figure 4.15.
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Figure 4.14: Turbulent viscosity contour comparison, turbulent flow, Re=
2 × 106 (above: OpenFOAM with VISVE domain; below: OpenFOAM with
large RANS domain).
Figure 4.15: ντ profile comparison at x = 0.5 m, turbulent flow, Re= 2× 106.
The turbulent viscosity calculated by OpenFOAM with the small VISVE
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domain and the large RANS domain agrees well with each other. This proves
that on the OpenFOAM side the small VISVE domain can be used instead of
the large RANS domain in the coupling method.
4.2.1.1 Grid Configuration
After a grid independence study, the most appropriate domain for the
coupling method with both good accuracy and the least computational time
has been set.
The coupling method: As shown in the convergence study in the next sub-
section, the domain parameters of Case #1 are good enough for the calculation
to converge. Thus, we set the domain parameters to be the same as the ones
in Case #1. The domain parameters and grids of the coupling method are
shown in Table 4.5 and Figure 4.16.
Table 4.5: Domain parameters of the coupling method for turbulent hydrofoil
case, Re = 106, 2× 106, and 4× 106, separately.
First Layer Height/ m Expansion Ratio Layer Number Cell Number
Block 1 1× 10−4 1.095 50 19,350
Block 2 1× 10−4 1.05 85 8,500
42
Figure 4.16: Grids of the the coupling method for turbulent hydrofoil case,
Re = 106, 2× 106, and 4× 106, separately.
RANS: In contrast, the domain parameters and grids of the RANS method
are shown in Table 4.6 and Figure 4.17.
Table 4.6: Domain parameters of RANS method for turbulent hydrofoil case,
Re = 106, 2× 106, and 4× 106, separately.
Cell Number Number of First Layer Expansion Ratio Time Step
Layer of Cells Height/ m Size/ s
150,000 80 3.5× 10−4 1.05 0.001
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Figure 4.17: Grids of the RANS method for turbulent hydrofoil case, Re =
106, 2× 106, and 4× 106, separately.
4.2.1.2 Re = 2× 106
The velocity of the incoming flow is 2 m/s with the angle of attack
to be 0 degree. The Reynolds number in the viscous case is specified to be
2× 106.
The simulation time and CPU cost comparison are shown in Table 4.7.
The coupling method utilizes only 1 CPU and it requires only 2 times longer
CPU time than the RANS method, which requires 48 CPUs to get to the same
simulation time.
44
Table 4.7: Simulation time and CPU cost comparison for turbulent hydrofoil
case, Re = 2× 106.
Coupling Method Fluent
Node Type Intel Xeon Platinum Intel Xeon Platinum
8160 (”Skylake”) 8160 (”Skylake”)
MPI: No. of CPUs 1 48
CPU Time 2 h 35 mins 1 h 02 mins
Time Step Size 5× 10−4s 5× 10−4s
Simulation Time 5 s 5 s
The velocity and vorticity comparison at location A, B, C, and D
(demonstrated in Figure 4.13) are shown from Figure 4.18 to Figure 4.28 be-
low:
Figure 4.18: Vorticity contour at t =5 s, turbulent flow, Re=2×106 , hydrofoil
case.
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Figure 4.19: X-Velocity contour comparison at t =5 s, turbulent flow, Re=2×
106 , hydrofoil case.
Figure 4.20: Y-Velocity contour comparison at t =5 s, turbulent flow, Re=2×
106 , hydrofoil case.
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Figure 4.21: X-Velocity profile at A at t =5 s, turbulent flow, Re=2 × 106,
hydrofoil case.
Figure 4.22: Vorticity profile at A at t =5 s, turbulent flow, Re=2 × 106,
hydrofoil case.
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Figure 4.23: X-Velocity profile at B at t =5 s, turbulent flow, Re=2 × 106,
hydrofoil case.
Figure 4.24: Vorticity profile at B at t =5 s, turbulent flow, Re=2 × 106,
hydrofoil case.
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Figure 4.25: X-Velocity profile at C at t =5 s, turbulent flow, Re=2 × 106,
hydrofoil case.
Figure 4.26: Vorticity profile at C at t =5 s, turbulent flow, Re=2 × 106,
hydrofoil case.
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Figure 4.27: X-Velocity profile at D at t =5 s, turbulent flow, Re=2 × 106,
hydrofoil case.
Figure 4.28: Vorticity profile at D at t =5 s, turbulent flow, Re=2 × 106,
hydrofoil case.
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The pressure coefficients comparison between the coupling method and

































Figure 4.29: Pressure coefficients comparison at t =5 s, turbulent flow,
Re=2× 106, hydrofoil case.
The velocity profile and the vorticity profile of the coupling method
agree well with the FLUENT results at the leading edge and the trailing edge.
However, the deviation between them will become appreciable in the wake
















, which exist on the RHS of
turbulent vorticity equation (3.15), have been ignored.
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4.2.1.3 Re = 106
The velocity of the incoming flow is 1 m/s with the angle of attack to
be 0 degree. The Reynolds number in the viscous case was specified to be 106.
The pressure coefficients comparison between the coupling method and














































Figure 4.30: Pressure coefficients comparison at t =5 s, turbulent flow,
Re=106, hydrofoil case.
4.2.1.4 Re = 4× 106
The velocity of the incoming flow is 4 m/s with the angle of attack to
be 0 degree. The Reynolds number in the viscous case was specified to be
4× 106.
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The pressure coefficients comparison between the coupling method and











































Figure 4.31: Pressure coefficients comparison at t =5 s, turbulent flow,
Re=4× 106, hydrofoil case.
4.2.1.5 Convergence Study
In order to validate the grid independence of the coupling method,
different sizes and different number of elements on the direction normal to the
hydrofoil surface have been applied to the coupling method to predict the flow
around the hydrofoil in turbulent case. Three cases are designed as shown
in Table 4.8. The tests are run at Re = 2 × 106, AOA = 0o. The vorticity,
x-velocity, and y-velocity at the half chord length from different cases agrees
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very well with each other as shown from Figure 4.32 to Figure 4.34, which
validates the convergence of the coupling method in the hydrofoil turbulent
case.
Table 4.8: Cases setting for grid independence study in turbulent foil cases,
Re = 2× 106.
Case No. of Layers First Layer Expansion Ratio No. of Elements Expansion Ratio
No. of Cell Height/ m in Block 1 on the Wake in Block 2
1 50 1× 10−4 1.05 85 1.095
2 60 1× 10−4 1.05 95 1.095





















Figure 4.32: Comparison of vorticity at 50% chord length for different cases,
















Figure 4.33: Comparison of X-velocity at 50% chord length for different cases,
Re = 2× 106, hydrofoil case.
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Figure 4.34: Comparison of Y-velocity at 50% chord length for different cases,
Re = 2× 106, hydrofoil case.
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4.2.2 Turbulent Flow around a Cylinder Case
The coupling method is also applied in the case of the 2-D cylinder.
The diameter of the cylinder is 1 meter. The velocity of the incoming flow is 1
m/s. The Reynolds number in the cylinder case was specified to be 106 . The
comparison is made between the coupling method and the RANS method.
4.2.2.1 Grid Configuration
RANS: As shown in the convergence study in the next sub-section, the
domain parameters of Case #3 are good enough for the calculation to converge.
Thus, we set the domain parameters to be the same as the ones in Case #3.
Domain for RANS method is described in Table 4.9 and Figure 4.35.
Table 4.9: Domain parameters of RANS method for turbulent cylinder case,
Re = 106.
Cell No. of Layers First Layer Expansion Ratio Time Step Size/ s
Number of Cell Height/ m
323,000 300 0.0002 1.05 0.001
Figure 4.35: Grids for RANS domain for turbulent cylinder case, Re=106 .
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The coupling method: Domain for coupling method is described in Table
4.10 and Figure 4.36.
Table 4.10: Domain parameters for the coupling method for turbulent cylinder
case, Re = 106.
Cell Elements on No. of Layer First Layer Expansion Time Step
Number the Cylinder of Cells Height/ m Ratio Size/ s
35,400 300 118 0.001 1.05 0.001
Figure 4.36: Grids for coupling method domain for turbulent cylinder case,
Re=106 .
4.2.2.2 Comparison between two Methods
The simulation time and CPU cost comparison is shown in Table 4.11.
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Table 4.11: Simulation time and CPU cost comparison for turbulent cylinder
case, Re=106.
Coupling Method Fluent
Node Type Intel Xeon Platinum Intel Xeon Platinum
8160 (”Skylake”) 8160 (”Skylake”)
MPI: No. of CPUs 1 48
CPU Time 6 h 59 mins 9 h 02 mins
Time Step Size 5× 10−4s 5× 10−4s
Simulation Time 29 s 50 s
The CPU time of the coupling method and the RANS method are
comparable. Since coupling method uses only 1 CPU and RANS method
uses 48, the calculation speed of the coupling method has huge potential for
improvement and can definitely be superior in speed than RANS method if
parallel computing is achieved.
The vorticity and velocity comparisons are shown from Figure 4.38 to
Figure 4.49. Location A and location B are shown in Figure 4.37:
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Figure 4.37: Demonstration for location A and B, Re=106.
Figure 4.38: Vorticity contour at t =2s, turbulent flow, Re=106, cylinder case.
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Figure 4.39: X-Velocity profile at location A at t =2s, turbulent flow, Re=106,
cylinder case.
Figure 4.40: X-Velocity profile at location B at t =2s, turbulent flow, Re=106,
cylinder case.
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Figure 4.41: Vorticity contour at t =4s, turbulent flow, Re=106, cylinder case.
Figure 4.42: X-Velocity profile at location A at t =4s, turbulent flow, Re=106,
cylinder case.
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Figure 4.43: X-Velocity profile at location B at t =4s, turbulent flow, Re=106,
cylinder case.
Figure 4.44: Vorticity contour at t =6s, turbulent flow, Re=106, cylinder case.
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Figure 4.45: X-Velocity profile at location A at t =6s, turbulent flow, Re=106,
cylinder case.
Figure 4.46: X-Velocity profile at location B at t =6s, turbulent flow, Re=106,
cylinder case.
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Figure 4.47: Vorticity contour at t =8s, turbulent flow, Re=106, cylinder case.
Figure 4.48: X-Velocity profile at location A at t =8s, turbulent flow, Re=106,
cylinder case.
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Figure 4.49: X-Velocity profile at location B at t =8s, turbulent flow, Re=106,
cylinder case.
The velocity profile and vorticity contour of the coupling method agree
well with the Fluent results at the initial stage. However, the deviation keeps
increasing as time increases. This discrepancy might be due to the fact that




is not valid to the cylinder case, and the


















The grid independence study is made for the RANS run. Three RANS
simulations with different domain parameters are conducted and the results
are compared. Table 4.12 shows the domain parameters for these three grids.
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Table 4.12: Convergence study: parameters of 3 RANS domain for turbulent
cylinder case, Re = 106.
Case Elements Number of the First Layer Elements in Elements in Total
No. on Layer of Cells Height/ m Forwarding Backward Cell
Cylinder Direction Direction Number
1 800 600 2× 10−4 150 400 740,000
2 800 400 2× 10−4 100 270 473,800
3 800 300 2× 10−4 75 135 323,000
The Drag coefficients comparison is in Figure 4.50. The 3 results agree
well with each other, which means the 3 grids are all good enough. Thus,
Case #3 has the best grids for the RANS simulation since it can provide both
computational efficiency and accuracy.





5.1 Turbulent Flow around a 2-D Hydrofoil Case
For the case of turbulent flow around a hydrofoil1, the pressure coeffi-
cients of the coupling method agrees well with the RANS result at different
Reynolds numbers.
The velocity profile of the coupling method agrees well with the Fluent
result2 at the leading edge (x=0.2m). However, the deviation between them
will become larger as x increases. For instance, the deviation shown in the
Figure 4.27 (x=1.1m) is larger than the one in the Figure 4.21 (x=0.2m). This
















which exist on the RHS of turbulent vorticity
equation (3.15), have been ignored3.
At the leading edge, the turbulent viscosity is smaller and these ig-
nored terms are expected to be smaller. However, as the flow goes around
1The main work of this thesis is based on Yao and Kinnas [17]. Even though the formu-
lation of the turbulent vorticity equation was derived by Dr. Kinnas, the coupling of the
VISVE method with OpenFOAM was implemented and tested by the author of this thesis.
2The Fluent results were achieved with sufficient grid resolution so that they were grid
independent.
3The results from the current method were shown to be grid independent.
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the hydrofoil from leading edge to trailing edge and the turbulent viscosity















will become larger. Thus, the deviation between the coupling method and
Fluent will accumulate and finally become an appreciable value as the flow
goes from the leading edge to the wake area.
5.2 Turbulent Flow around a 2-D Cylinder Case
For the case of turbulent flow around a cylinder, the velocity profiles
and vorticity contours of the coupling method agree well with the Fluent results
at the initial stage.
However, the deviation keeps increasing as time increases. To be more
specific, the coupling method predicts vortex induced vibration (VIV) at 4
seconds while the Fluent method does not predict VIV until long after. This
discrepancy might be due to the fact that the hydrofoil assumption is not valid
to the cylinder case, partly the three additional terms cannot be ignored.
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Chapter 6
Conclusions and Future Work
6.1 Conclusions
A synchronous coupling method has been implemented to solve the
turbulent flow around 2-D hydrofoils and 2-D cylinders 1. The results agree
well with RANS method in 2-D hydrofoil case but deviate in cylinder case
as time increases. This may due to the fact that the hydrofoil assumption is
















cannot be ignored in the turbulent vorticity
equation.
6.2 Future Work
More needs to be done in the future along the following directions
• The 3 additional terms will be included in the turbulent vorticity equa-
tion.
• The pressures and forces evaluation methods will be improved in the
1The main work of this thesis is based on Yao and Kinnas [17]. Even though the formu-
lation of the turbulent vorticity equation was derived by Dr. Kinnas, the coupling of the
VISVE method with OpenFOAM was implemented and tested by the author of this thesis.
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turbulent cases, and these improved evaluation methods will be applied
in both 2-D hydrofoil and 2-D cylinder cases. In particular, the effect of
the turbulent viscosity ντ will be included in the calculation of pressures.
The pressures and forces will be calculated by the improved evaluation
methods and compared with those obtained from other methods and
experiments.
• Finally, this coupling method will be extended in the case of turbulent
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